
Flow Measurement and Instrumentation 81 (2021) 102010

Available online 13 July 2021
0955-5986/© 2021 Elsevier Ltd. All rights reserved.

Microscale mechanisms of ultrasound velocity measurement in metal melts 
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A B S T R A C T   

Ultrasound Doppler velocimetry (UDV) is a powerful, widely used technique for measuring flow in metal melts. 
However, UDV in metal melts suffers from substandard reliability because its operation depends on phenomena 
that are poorly understood. In this study, we investigate the poorly characterized source of bulk echoes in metal 
melts and the corresponding mechanisms of ultrasound signal deterioration. We present evidence from electron 
microscopy and ultrasound measurements that oxide inclusions are the main source of bulk echoes in gallium. By 
measuring their terminal velocity, we estimate the mean size of echoing objects in gallium to be 58–64 μm, 
implying that Mie scattering is the dominant scattering mechanism. By comparing UDV measurements in which 
signals were transmitted directly into the fluid, to others in which signals were transmitted through a vessel wall, 
we show evidence that there are two distinct mechanisms for signal degradation: the loss of echoing objects from 
the bulk and the deterioration of acoustic coupling and wetting at the transducer surface. We suggest stirring 
vigorously and using indirect-contact UDV measurement strategy to mitigate the signal degradation in metal 
melts.   

1. Introduction 

Unlike transparent liquids such as water, metal melts are incom-
patible with optical techniques for measuring flow. Ultrasound Doppler 
Velocimetry (UDV) can enable the flow measurement of opaque liquids 
in a non-invasive way [1–3]. In the last few decades, UDV has developed 
as a powerful tool and been successfully applied to many different kinds 
of metal melts [4–12]. The technique is widely used in various studies 
related to the fluid dynamics of metal melts, such as electromagnetic 
flow [13–22], alloy casting [23–27], solidification [28–32], liquid metal 
batteries [33–35], and lab-scale models for geophysical research 
[36–42]. 

The working principle of UDV is based on the pulse-echo method: 
ultrasound pulses are emitted by a transducer, and echoes are recorded 
by the same transducer or by another. Echoes are formed when ultra-
sound waves are reflected at large interfaces or scattered by small par-
ticles or bubbles suspended in the fluid. The position of the echoing 
object can be determined from the time of flight of the echo; the velocity 
of the echoing object can be determined from shifts in positions between 
consecutive pulses, or from the Doppler shift of the echo frequency. If 
the object is a tracer particle that accurately follows fluid motion, its 
velocity gives a measure of the fluid velocity at that location. If many 
tracer particles are present, a single pulse can produce many echoes and 

therefore many measurements, yielding a velocity profile along a line in 
the wave propagation direction. 

Obtaining high-quality ultrasound signals can be a challenge in 
metal melts. In UDV, velocity measurements are made from information 
contained in the echoes [2,3]. Thus, the quality of echo signals de-
termines the performance and accuracy of UDV. To get sufficient echoes 
for velocity measurement, inhomogeneities like small particles or bub-
bles are required in the bulk of the fluid. For water-based fluid, bulk 
echoes are usually created by adding artificial tracer particles whose 
density nearly matches the fluid. For liquid metals or metal melts, 
artificial tracer particles can also be added to generate bulk echoes [5, 
12,43]. However, the high surface tension of metal melts usually hinders 
homogeneous mixing of tracer particles in the melt [3]. 

Interestingly, strong bulk echoes can often be detected in metal melts 
even without adding tracer particles. Naturally occurring metal oxide 
inclusions are often assumed to be the source [6,7,19,29,30,33,42, 
44–46]. However, no direct evidence concerning the relationship be-
tween metal oxides and bulk-echo signals has been provided. In fact, 
other common inhomogeneities like metal impurities, microbubbles, or 
microscopic segregations [7,17,47] might cause echoes as well. To our 
knowledge, no prior publication systematically investigated the source 
of bulk echoes in metal melts, and the mechanisms by which those in-
homogeneities scatter ultrasound waves have not been explained. 
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Understanding those mechanisms would help explain the common 
observation that ultrasound signals in metal melts deteriorate over time 
[5,7,19,33]. Although some studies gave empirical advice for prolong-
ing the ultrasound measurement time [5,19,30,33], the deterioration 
typically cannot be avoided even after meticulous preparation of careful 
experiments. The interface between the ultrasound transducer and metal 
melt may be the source of the trouble according to circumstantial evi-
dence [5–7]. However, this deterioration phenomenon has not been 
studied in detail, and the mechanisms causing it are not yet well 
understood. 

Gallium and its eutectic alloys are the most common materials used 
in ultrasound studies of metal melts due to their low melting tempera-
tures and operational safety. In this paper, we selected gallium as the 
fluid to investigate the microscale mechanisms of ultrasound velocity 
measurement in metal melts. We combined scanning electron micro-
scope (SEM) examinations, ultrasound measurements, and optical 
methods to determine the source of bulk echoes in gallium. We devel-
oped an estimation method to calculate the mean size of echoing objects 
in gallium melt. We applied both direct-contact and indirect-contact 
measurement to study the deterioration of ultrasound signals at the 
interface and in the bulk. In the next section, the paper continues with 
our experimental methods. Then, the paper presents and discusses our 
experiment results in detail. Finally, the paper concludes with a sum-
mary and suggestions for future work. 

2. Experimental methods 

To investigate the mechanisms of ultrasound measurement in gal-
lium melt, we conducted experiments in two parts, one focused on 
finding the sources of bulk echoes in gallium melt, and another focused 
on investigating the deterioration of ultrasound signals over time in 
gallium. 

2.1. Echo source experiments 

Any impurities in a gallium melt might produce bulk echoes. To 
determine what impurities were present in our gallium samples, we cast 
a gallium sample and characterized its top surface, bottom surface, and 
cross section under SEM and energy-dispersive x-ray spectroscopy 
(EDS). 

Fig. 1 shows the experimental apparatus for investigating the source 
of bulk-echoes in gallium melt. A vertical container made of acrylic was 
filled with gallium melt (from solid gallium, 99.99% purity). Two 8-MHz 

ultrasound transducers (Signal Processing, Switzerland) were placed at 
the top of the lid and the bottom of the container. Both transducers were 
connected to the DOP3010 Velocimeter (Signal Processing, Switzerland) 
and operated in emit/receive mode for data acquisition, with operation 
parameters of 2 pulse length, 10000-μs pulse repetition period, and 150 
emissions per profile. DOP3010 Velocimeter was operated in energy- 
profile mode in which a high-pass filter is applied, so that only the 
echoes caused by objects moving along the ultrasound wave propagation 
direction were measured and recorded. 

In this experiment, no artificial flow was induced, and gravity was 
the dominant force causing particles to move. UDV measures the 
movement of echoing objects along the ultrasound propagation direc-
tion inside a fluid. Therefore, the UDV transducers placed at top and 
bottom detected and recorded the objects’ movements caused by 
gravity. 

For comparison, similar experiments were also conducted in water 
containing tracer particles with known size and density. In order to 
verify the accuracy of UDV measurements, Particle Tracking velocim-
etry (PTV) was also performed in water. The UDV-PTV apparatus is 
shown in Supplementary Fig. S1. 

2.2. Estimating the size of echoing objects 

Due to the of opacity of gallium, the shape and size of impurities 
causing echoes could not be measured directly. We developed a method 
to estimate the mean size of echoing objects based on the principle of 
terminal velocity. An object falling in a fluid reaches its terminal ve-
locity when all forces acting on it are balanced. In our case, the forces 
include viscous drag, buoyancy, gravity, and the acoustic force exerted 
by the ultrasound transducer. The acoustic force can push echoing ob-
jects away along the wave propagation direction, but its magnitude is 
not known a priori. To compensate, we performed two tests using the 
apparatus shown in Fig. 1, with the same ultrasound transducer at top 
and bottom, respectively, and with the same acoustic power applied. 
When the transducer is placed at top, the acoustic force is in the same 
direction as gravity; when the transducer is placed at the bottom, the 
acoustic force opposes gravity. In both cases, all forces on the object 
must balance once it reaches terminal velocity: 

Facoustic +
4
3

πr3g
(
ρparticle − ρliquid

)
= 6πμrvtop (1)  

Facoustic −
4
3

πr3g
(
ρparticle − ρliquid

)
= 6πμrvbot (2) 

Here Facoustic is the acoustic force, ρ is density, g is the gravitational 
acceleration, r is radius of the echoing object, μ is the dynamic viscosity 
of the fluid, and vtop and vbot are the measured velocity when placing the 
transducer at top and bottom, respectively. Both are defined as positive 
when particles move away from the transducer, so for a rising particle, 
vtop < 0 and vbot > 0. Knowing the densities, measuring the velocities, 
and eliminating Facoustic algebraically, we can calculate r. 

We made few assumptions for this estimation. First, we assumed the 
echoing objects were spherical, though their real shape could be irreg-
ular. Second, we assumed the echoing objects were in an equilibrium 
state during our measurements. Third, since UDV measures the velocity 
of an ensemble of echoing objects inside a measuring volume, we 
assumed the objects inside one measuring volume were moving with the 
same velocity. Fourth, we presumed that spatial attenuation of the 
acoustic force was negligible, which required choosing a small mea-
surement region (see below). Fifth, we presumed that near-field effects 
were negligible, which required choosing a measurement region far 
from the transducer (see below). 

To check the accuracy of this estimation method, we first tested it in 
water. The size of the seeded tracer particles was specified by the 
manufacturer and was compared to our experimental results. As an 
additional check, the shape and diameter of the tracer particles were 

Fig. 1. Apparatus for echo source experiments: gallium melt was placed in a 
vertical container. UDV transducers were placed at the top and bottom. 
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also measured under an optical microscope. 

2.3. Signal deterioration experiments 

Fig. 2 shows the vessel designed for investigating ultrasound signal 
deterioration over time in metal melt. A rotating flow was induced in the 
gallium melt by rotating a magnet beneath the vessel (using a laboratory 
stir plate, without a stir bar in the gallium). Presumably, the changing 
magnetic field induced eddy currents in the conductive gallium, and 
those currents coupled with the field to cause forces on the gallium, 
driving flow. For this study, the detailed structure of the flow was not 
important, as long as flow was measurable and repeatable. To ensure 
repeatability, both the position of the vessel and the rotation speed were 
kept constant in all tests. The ability of UDV to measure this flow 
accurately was used as an indicator of signal quality. 

A 4 MHz UDV transducer was used in this experiment, and all 
measurements were carried out using the same ultrasound parameter 
settings. The measured bulk echo intensities, flow velocities, and back- 
wall echo intensities were compared among different tests. 

To explore the role of the transducer/gallium interface, UDV mea-
surements were performed either with the transducer in direct contact 
with the melt, or through an acrylic plate, with acoustic coupling gel 
between the plate and the transducer, which touched it gently. To 
maximize the transmission of acoustic energy, the thickness of the 
acrylic plate was selected to be a half-integer multiple of the ultrasound 
wavelength in acrylic [48]. In all tests, the transducer, vessel, acoustic 
coupling gel, and gallium melt were preheated to 60 ◦C in order to 
improve the stability of ultrasound signals [19]. 

3. Results and discussion 

3.1. The source of bulk echoes in gallium 

SEM images can provide information about impurities (echoing 

objects) in gallium. Fig. 3 shows gallium oxide inclusions found at the 
cross section and top surface of a cast gallium sample. Other than gal-
lium oxide, we also found various of metal impurities from the sample, 
such as lead, bismuth, indium, and gold (Supplementary Fig. S2). These 
impurities might have been introduced into gallium during our experi-
mental procedures or during manufacture. However they were intro-
duced, those impurities could scatter ultrasound waves. If gravity is the 
only force driving the motion of echoing objects, then impurities with 
density less than gallium will rise, whereas impurities with density less 
than gallium will sink. Thus, studying the gravity-driven motion of 
echoing bodies in gallium can give further insight into their 
composition. 

As shown in Fig. 1, two ultrasound transducers were used to measure 
the gravity-driven velocities of echoing objects in gallium. The 
measured mean velocities are plotted in Fig. 4(a) as a function of dis-
tance from the transducer. Here, a positive velocity means the objects 
are moving away from the transducer, and a negative velocity means the 
objects are moving toward the transducer. Thus, the negative velocity 
measured by the top transducer indicates objects rising, and the positive 
velocity measured by the bottom transducer also indicates objects rising. 
Measurements from both transducers agree closely, as shown in Fig. 4 
(b), when plotted as a function of the vessel’s height, with upward ve-
locity defined as positive. 

Besides the velocity profile, we can also observe the movement of 
echoing objects directly from UDV energy maps. Fig. 5 shows energy 
profiles, in which bright pixels indicate the positions of objects detected 
at different times. Trajectories appear as streaks whose slopes indicate 
velocities of the echoing objects. A test in water with tracer particles was 
conducted first, and UDV energy maps measured by the top and bottom 
transducers are shown in Fig. 5(a) and (b), respectively. The trajectories 
of tracer particles in water clearly show that they sink, consistent with 
the fact that they have higher density (1.022 g/cm3) than water. In 
gallium, the trajectories shown in Fig. 5(c) and (d) indicate that most 
echoing objects rise, in agreement with the velocity measurements 
shown in Fig. 4. 

Velocity profiles and UDV energy maps indicate that the echoing 
objects are less dense than gallium. Among the impurities we found in 
SEM images, only gallium oxide (β-Ga2O3) [49] is less dense than molten 
gallium (5.88 g/cm3 vs. 6.095 g/cm3). Therefore, the gallium oxide is 
likely the main source of bulk echoes in gallium melt. 

To verify that echoing objects are primarily composed of gallium 
oxide, we treated gallium melt with HCl in order to reduce oxide in-
clusions inside gallium. Specifically, we applied HCl (1 M) on top of the 
gallium and manually stirred to ensure that the HCl fully reacted with 
any gallium oxide. Then the HCl was removed, and the cleaned gallium 
was left at 60 ◦C to dry for 1 h before UDV measurement. Fig. 6(a) shows 
pictures of the gallium surface before and after HCl treatment. For the 
original gallium melt, some oxide inclusions are apparent on the surface. 
After HCl treatment, the gallium shows a mirror-like surface, free of 
inclusions. Fig. 6(b) compares mean bulk echo intensities measured in 

Fig. 2. Apparatus for signal deterioration experiments: ultrasound measure-
ments were conducted through an acrylic plate, with acoustic coupling gel. 
Arrows mark the flow generated by a rotating magnetic field beneath the vessel. 
The apparatus also allowed direct-contact measurements without the plate or 
gel in place. 

Fig. 3. SEM images of gallium oxide inclusions found at the cross section (left) and top surface (right) of a solidified gallium sample. The size of gallium oxide 
inclusions ranges from few microns to tens of microns. 
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the original gallium and the HCl-treated gallium. After HCl treatment, 
the bulk echo intensity became much weaker, giving further evidence 
that gallium oxide is the main source of bulk echoes in gallium. 

3.2. Estimating the size of echoing objects 

Depending on their size, echoing objects can scatter ultrasound 
waves by different mechanisms. According to the size ratio of typical 
UDV ultrasound wavelength and echoing objects size, there are two 
possible scattering mechanisms: Rayleigh scattering and Mie scattering 

Fig. 4. UDV velocity profile measured in gallium melt. Echoing objects were allowed to sink or rise under the influence of gravity. (a) Distance from probe vs. 
velocity. (b) Height of vessel vs. vertical velocity. The velocity curves were obtained by averaging over 2 min of UDV measurement. Velocity measurements close to 
each transducer were distorted by ringing and near-field effects, and have therefore been excluded. Both plots show echoing objects rise. 

Fig. 5. UDV energy maps. Only the echoes caused by moving objects within the ultrasound beam path were measured and displayed in the maps. High-intensity 
streaks indicate trajectories of echoing objects. The slopes of the trajectories indicate that echoing objects move downwards in water and upwards in gallium. 
Echo measurements close to each transducer were distorted by ringing and near-field effects. 

Fig. 6. HCl treatment. (a) Pictures of original gallium and HCl-treated gallium. Gallium oxides appeared on the free surface of gallium, whereas the gallium-HCl 
shows a shining and mirror-like surface. (b) Bulk-echo intensities measured in original gallium and HCl-treated gallium. The mean bulk echo intensities are 
spatially averaged over the region 20–100 mm from the transducer. After treating with HCl, the bulk-echo intensity became weaker. 
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[50]. Rayleigh scattering dominates when the object is much smaller 
than the ultrasound wavelength in the fluid. Mie scattering dominates 
when the object size is comparable to the ultrasound wavelength. 
Therefore, knowing the size of echoing objects can help us understand 
the mechanisms of ultrasound. As shown in Fig. 3 and S3, gallium oxide 
inclusions exist as single particles with diameters of a few microns, and 
also as agglomerations, with diameters of tens of microns. For 8 MHz 
ultrasound in gallium (wavelength 357 μm), if bulk echoes come mainly 
from single-particle inclusions, then we would expect Rayleigh scat-
tering to dominate; if bulk echoes come mainly from agglomerations, 
then we would expect Mie scattering to dominate. 

We calculated the diameters of echoing objects by measuring their 
terminal velocities and considering the forces on each echoing object, as 
described in the Methods. Velocities are indicated by the slopes of 
streaks like those shown in Fig. 5. When calculating diameters, we used 
the mean velocity measured from the small region between 4.5 and 5.5 
cm from the transducer, where velocities are nearly uniform and forces 
other than those appearing in Eqs. (1) and (2) are presumably negligible. 
We first validated this estimation method in water. We measured object 
velocities acoustically with UDV and optically with PTV (Supplementary 
Fig. S1). The differences between UDV and PTV measurements were less 
than 7%. Inserting the UDV velocity measurements into Eqs. (1) and (2), 
we calculated the diameter to be 96–140 μm. The manufacturer specifies 
the diameter to be 100–130 μm, and the diameter we measured under an 
optical microscope is 108–122 μm. Both agree closely with the sizes 
calculated by measuring terminal velocities. 

We cannot entirely rule out the presence of other forces. Thermal 
convection, in particular, can be driven in devices of this size by tem-
perature differences well below 1 ◦C. However, we did allow the water 
to equilibrate for a few hours before experiments. Moreover, the close 
agreement among size measurements from terminal velocity, optical 
size measurements, and supplier specifications suggest that terminal 
velocity can be used to estimate particle size with reasonable accuracy. 

Having validated the method, we set out to measure the size of 
echoing objects in gallium. Using UDV velocity measurements in Eqs. (1) 
and (2), we calculated the mean diameter of gallium oxide inclusions as 
58–64 μm. This size is larger than single gallium oxide particles, which 
suggests that echoing objects are typically agglomerations. However, 
this method assumes particles to be spherical and therefore only pro-
vides a rough estimate of the average size. Actual shapes and sizes surely 
vary. Thus, Mie scattering is likely the dominant mechanism producing 
ultrasound echoes in gallium, but Rayleigh scattering may also play an 
appreciable role. 

3.3. Echo decay and signal deterioration 

Next, we investigated echo decay and signal deterioration in UDV 
measurements, using the experimental apparatus shown in Fig. 2. 

Fig. 7 presents a typical UDV echo map, where the echo intensities 
are measured over time and space. The strong peaks 110 mm from the 
transducer are caused by the specular reflection of ultrasonic waves at 
the back wall of the vessel, to be discussed below. The echoes measured 
in the bulk are from impurities suspended in the fluid. The figure shows 
that, in the bulk, echoes detected from greater distances are weaker. This 
phenomenon would result from both the attenuation of ultrasound when 
propagating in a pure liquid and the energy dissipation due to scattering 
by impurities. Fig. 7 also shows that bulk echo intensity decays with 
time. In gallium, this decay is likely due to a decrease over time in the 

number of echoing objects in the ultrasound beam, since gallium oxide 
particles rise and heavier impurities sink. Below, these buoyancy effects 
will be considered further. 

Since UDV velocity measurements are made from information con-
tained in the echoes, echo intensity directly determines the quality of 
velocity measurements. Therefore, as bulk echoes decay with time, null 
and spurious velocity measurements become more likely. Fig. 8(a) 
clearly shows UDV measurement failure after a long measurement time. 
At 1 min, a smooth flow structure was measured; at 100 min, the same 
flow structure could still be recognized, but small fluctuations had 
appeared; at 150 min, the velocity profile had weakened substantially 
and was evidently much noisier; at 200 min, no meaningful velocity 
could be measured. 

To evaluate the accuracy of UDV velocity measurements in a more 
straightforward way, we define the velocity deviation:  

where Vi(t) is the velocity profile at time t, Vi(mean) is the mean of the 
first 500 profiles (first 5 min), and the summation is taken over n mea-
surement locations (here, all locations in the region 20 mm–100 mm 
from the transducer). The velocity deviation increases over time, as 
shown in Fig. 8(b), consistent with the fact that echo strength decreases 
over time, as shown in Fig. 7. Velocity deviation initially increases 
slowly (for the first 100 min), then increases rapidly, showing a 
nonlinear dependence on echo strength. When the velocity deviation is 
larger than about 0.5, our measurements capture no meaningful flow 
structure. Note that this is for a simple rotating flow; for a more complex 
flow, the UDV might fail to describe the flow structures at an even 
smaller velocity deviation value. 

We performed several tests to study the mechanisms causing the 
deterioration and failure of UDV measurements in gallium. For each test, 
both the echo intensity and the velocity were measured. In Fig. 9, the top 
plots show the temporal evolution of mean bulk echo intensities from a 
series of continuous tests in gallium, where the mean bulk echo in-
tensities are spatially averaged over the region 20–100 mm from the 
transducer. Initially, in test 1, we filled the vessel with gallium melt and 
performed UDV measurements with the transducer in direct contact 
with the melt. The bulk echo intensity decayed with time, as shown. The 
bottom plots in Fig. 9 show the corresponding velocity deviation 
calculated using Eq. (3), which increased as the echo intensity decayed. 
If the decay is caused by impurities sinking or rising out of the ultra-
sound beam path, bringing the impurities back should restore the bulk 
echo intensity, so in test 2, we manually stirred the gallium to mix 

Fig. 7. A typical spatiotemporal UDV echo map. The strong peak at 110 mm 
represents the position of the back wall of container. Echo intensity decreases 
with distance and decays with time. 

Velocitydeviation=
1
n
×
∑n

i=1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

Vi(t)− Vi(mean)
Vi(mean)

)2
√

(3)   
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impurities back into the bulk. However, as shown in the figure, the echo 
intensity grew only slightly, then quickly decayed, and velocity devia-
tion quickly grew. We stirred the gallium again in test 3. As shown, the 
echo and velocity signals deteriorated even faster. These results suggest 
that the loss of echoing objects from the ultrasound beam path is not the 
only cause of UDV signal deterioration. 

We then hypothesized that the deterioration of UDV signals is also 
caused by changes at the transducer surface. Continuing the same 
experiment, in test 4, we wiped the transducer surface with a cotton 
swab and manually stirred the gallium, then made more UDV mea-
surements. Both the echo intensity and the velocity deviation improved 
substantially, as shown. In test 5, we poured the gallium out of the 
vessel, cleaned the ultrasound transducer surface, then filled the vessel 
with gallium again and restarted UDV measurement. As shown, the 
resulting echo intensity and velocity deviation almost matched test 1. 

We hypothesize that the surface processes weakening UDV signals 
are related to the acoustic coupling and wetting between the ultrasound 
transducer and gallium. Ultrasound measurement requires a good 
acoustic coupling between the transducer and test liquid. Since metal 
melts usually have high surface tension, acoustic coupling with metal 
melts is determined not only by the acoustic impedance mismatch, but 
also by the wetting conditions between the transducer surface and the 
metal melt [7,8]. When pouring gallium out, we have observed a gallium 
oxide layer covering the transducer surface, perhaps caused by accu-
mulation of gallium oxide particles that were circulating in the gallium. 
It is thermodynamically favorable for oxides to accumulate on the 
transducer surface, as the surface is a heterogeneous spot in the gallium 
melt (as is the vessel wall). As that oxide layer thickens over time, it may 
diminish wetting and acoustic coupling between the ultrasound 

transducer and gallium [3,5,51]. If the wetting becomes very poor, small 
gaps (bubbles) might form and block the transmission of ultrasound 
waves. The vibration of the transducer surface when emitting ultrasound 
might also promote the formation of gaps. Any of these surface processes 
would substantially weaken UDV signals, regardless of the presence of 
echoing objects in the bulk. Signals might also be weakened if con-
taminants at the transducer surface form a layer thick enough to damp 
the ultrasound (on the order of a wavelength, or more), regardless of the 
acoustic coupling between the gallium and the contaminant layer. In 
that case, de-wetting would not be the relevant mechanism. However, 
we have not observed such thick layers. 

Following the same procedure, we performed similar continuous 
tests in gallium with indirect-contact measurement, where the ultra-
sound signal was measured through a thin acrylic plate. The reason we 
selected acrylic is because it shows a better wettability to gallium, as 
shown in Supplementary Fig. S5. In this case, the transducer did not 
contact gallium directly but was submerged in acoustic coupling gel. 
Consequently, the wetting and acoustic coupling conditions at the 
transducer surface were not subject to oxide accumulation and were 
therefore likely to be more stable over time. The results are shown in 
Fig. 10. Unlike in the direct-contact case, stirring (test 2 and test 3) 
restored the echo intensity almost completely. Although gallium oxides 
visibly did attach to the acrylic plate surface, wiping the acrylic surface 
caused no obvious changes in the echo intensity or velocity deviation. 
The results from indirect-contact measurement suggest that when good 
wetting and acoustic coupling are maintained, stirring alone restores the 
bulk-echo intensity. Note that although the ultrasound signals deterio-
rate no further from test 2 to test 4, they are nonetheless weaker than in 
tests 1 and 5. To explain, we speculate that stirring did not mix bulk 

Fig. 8. UDV velocity measurement in gallium. (a) Velocity profiles measured at different times. Each velocity profile curve is the average of 1 min of measurements. 
(b) Velocity deviation vs. time. The flow was driven by a rotating magnetic field produced by a stir plate beneath the gallium container. As signals deteriorated over 
time, accurate velocity measurement became impossible. 

Fig. 9. Direct contact measurements: (top) mean intensity of bulk echo and (bottom) velocity deviation. For each test, the bulk echo intensity decays with time, and 
velocity deviation increases accordingly. Stirring (tests 2 and 3) improves echo intensity only weakly and extends the duration of viable velocity measurements only 
slightly. Wiping or cleaning the transducer surface (tests 4 and 5) improves echo intensity and extends velocity measurements much more. 
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impurities as well as pouring and filling. The filling process could also 
induce microbubbles in the gallium melt, which would serve as addi-
tional echoing objects [7]. 

We can learn more about the role of acoustic coupling and wetting by 
measuring the intensity of echoes from the back wall of the vessel. Fig. 7 
shows that the back-wall echo eventually decreases over time. It would 
be reasonable to expect the back-wall echo to increase, not decrease, 
over time, as particles leave the bulk fluid, thereby allowing more 
acoustic energy to reach the back wall. Observing the opposite, we are 
led to believe that some other mechanism has as stronger effect. We 
performed additional experiments to determine if wetting could explain. 
Fig. 11 shows the temporal evolution of back-wall echo intensity from a 
series of continuous tests in gallium. With direct-contact measurement, 
back-wall echo intensity decays over time during each test. As with the 
direct-contact measurements of bulk echo (Fig. 9), stirring does little to 
restore back-wall echo intensity (tests 2–3), but wiping or cleaning does 
much more (tests 4–5). With indirect-contact measurement, the back- 
wall echo intensity changes little over time and is hardly affected by 
stirring, wiping, or cleaning. Since bulk impurities apparently have little 
effect on back-wall echo, these measurements indicate that ultrasound 
signals can be significantly weakened by surface processes at the inter-
face between the transducer and the metal melt. 

From these results, we conclude that ultrasound signal deterioration 
results from two independent mechanisms: loss of echoing objects due to 
buoyancy, and wetting changes at the transducer surface. Stirring can 
mitigate the loss of echoing objects by mixing the melt and driving those 
objects back into the ultrasound beam path, as demonstrated in Fig. 10. 
Vigorous flows may provide enough mixing that manual stirring is 
entirely unnecessary. But even vigorous stirring is not sufficient for 
maintaining strong ultrasound signals through long experiments, as 
Figs. 8, 9 and 11 show; the effects of deteriorating wetting at the 
transducer interface must also be mitigated. Indirect-contact 

measurement through a material that wets the metal melt well (e.g., 
acrylic with gallium, Supplementary Fig. S5) can help dramatically, as 
Figs. 10 and 11 show. Since accumulation of metal oxides seems to be 
one of the mechanisms that degrade wetting, techniques for slowing 
oxidation, such as maintaining an inert atmosphere (e.g., argon) [29,30, 
43,52], adding acid to the melt [5,20,43,44,52], or controlling oxidation 
electrochemically, might help keep signals strong and reliable. Howev-
er, the role of oxide might be complicated: wetting may be best when 
there is neither too much nor too little oxide, as is the case for eutectic 
GaIn alloy [51]. Refining mitigation strategies is a fruitful topic for 
future research. 

4. Conclusions 

UDV is a powerful tool for measuring flow of opaque liquids, espe-
cially metal melts. Since UDV velocity measurements are made from 
information contained in bulk echoes, determining their sources and 
mechanisms is important for better use of ultrasound in metal melts. 

In this study, we found different types of impurities in a gallium 
sample using SEM and EDS, including isolated gallium oxide particles a 
few microns in size, and agglomerations of oxide a few tens of microns in 
size. We used the UDV energy map to directly observe the movements of 
echoing objects in the fluid. Combining UDV energy maps and velocity 
profiles, we determined the oxide inclusions are the main source of bulk 
echoes in gallium. By measuring the terminal velocity of those in-
clusions, we estimated their mean size to be 58–64 μm, suggesting they 
are agglomerations, not single gallium oxide particles, and that ultra-
sound waves interact with them primarily via Mie scattering. 

We performed series of UDV tests in gallium with either direct- 
contact measurement or indirect-contact measurement. Comparing the 
measured bulk echoes and back-wall echoes, we found that the deteri-
oration of UDV measurements is caused by two independent 

Fig. 10. Indirect contact measurement: (top) mean 
intensity of bulk echo and (bottom) velocity devia-
tion. For each test, the bulk echo intensity decays 
with time, and velocity deviation increases accord-
ingly. Stirring (tests 2 and 3) improves echo intensity 
and extends the duration of viable velocity measure-
ments as much as wiping the surface (test 4), and 
much more than in the direct-contact case. Cleaning 
(test 5) improves echo intensity and extends velocity 
measurement more. After multiple tests, signal qual-
ity remained good.   

Fig. 11. Back-wall echo intensity for direct- and indirect-contact measurement. For direct-contact measurement, back-wall echo intensities decrease with time 
during each test. Wiping or cleaning the transducer surface (tests 4 and 5) restores the signal, but stirring (tests 2 and 3) has little effect. For indirect contact 
measurement, back-wall echo intensities remain strong regardless of stirring, wiping, cleaning, or the passage of time. 
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mechanisms: buoyancy causing echoing objects to rise or sink out of the 
ultrasound beam, and dwindling acoustic coupling at the transducer 
surface, probably due to oxide accumulation. Vigorous stirring can 
reduce or eliminate the first mechanism. Indirect-contact ultrasound 
measurement through a material that wets the melt well can reduce or 
eliminate the second mechanism. Using both techniques together can 
significantly extend the duration of high-quality UDV measurements. 
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